Hydraulic accumulators (HAs) 
INTRODUCTION
Hydraulic accumulators are energy storage devices commonly used to provide supplementary fluid power and absorb shock. One particularly interesting recent application of these devices is regenerative braking.
A conventional braking system uses friction between brake pads and a brake disk to slow a vehicle down. This method results in energy being wasted as heat. In contrast, regenerative braking harnesses the kinetic energy of a vehicle during braking, instead of letting it dissipate in the form of heat. This collected energy can then be used in vehicle acceleration, thereby increasing the fuel efficiency.
Hydraulic regenerative braking (HRB), specifically, decelerates wheel rotation by having the wheels pump a fluid into a device which resists this fluid's flow and uses its power to harness energy. Although a theoretically appealing concept, hydraulic regenerative braking is difficult to implement due to some major inherent weaknesses of conventional accumulators.
For example, spring piston accumulators use a spring attached to a piston to partition off a certain amount of volume in a container. As working fluid enters the container, it pushes on the piston, forcing the attached spring to contract. The contracting spring stores energy and provides a resistance to the entering fluid. The stored energy is retrieved when the pressure acting on the piston is reduced, allowing the spring to expand and push the piston towards its original position, thereby pushing the fluid back out of the container. The flow returns energy through fluid power.
The primary weakness of these types of accumulators that prohibits them from being used in HRB is their low gravimetric energy density. Using linear analysis, spring steels and titanium alloys have a gravimetric energy density of around 1-1.5 kJ/kg [1] . Consequently, in order to store enough energy to bring a midsized 4-door sedan (mass=3500 lb (1590 kg)) to rest from 35 mph (15.65 m/s) in 2 seconds, the accumulator spring would have to weigh somewhere from 130 kg to 195 kg. In automotive manufacturing, where minimizing vehicle weight is vital, including such a heavy component would be largely impractical.
Gas bladder accumulators and piston accumulators with a gas pre-charge (PAGPs) use gas for energy storage and, therefore, are much lighter than their spring piston counterparts. In these accumulators, a gas, separated by a bladder or a piston, occupies a certain volume of a container which is otherwise filled with an incompressible fluid. As fluid is forced into this container, the gas inside the separated volume is compressed. In compression, the gas serves a twofold purpose. First, it exerts a pressure which opposes and slows additional entry of fluid into the container. Additionally, the compressed gas stores energy from incoming fluid. Energy stored in this manner can be retrieved when the pressure exhorted on the volume the gas is contained in is lowered. When this occurs, the gas expands displacing some of the working fluid in the process, thereby returning energy through fluid power.
There are several reasons that these two forms of accumulators are not suitable for use in HRB. For gas bladder accumulators there is the problem of gas diffusion across the bladder. This introduces gas bubbles into the working fluid which must be periodically removed.
Additionally, both PAGPs and gas bladder accumulators are susceptible to large heat losses. When the gases in these accumulators are compressed, they heat up considerably. If the energy stored in the compressed gas of such an accumulator is not retrieved soon, the heat flow from the gas to its immediate surrounding results in much less energy being retrieved (i.e., much lower efficiency). Pourmovahed et al. showed that with as little as 50 seconds passing between gas compression and expansion, a piston-type gas accumulator's efficiency can fall to about 60% [2] . Since it's quite likely that a vehicle may remain immobile for around one minute, this makes gas bladder and piston accumulators with a gas pre-charge impractical for HRB applications.
Several methods to mitigate these heat losses have been proposed. For PAGP, one promising method involves placing an elastomeric foam into the gas enclosure. This foam serves the purpose of absorbing the generated heat during gas compression that would otherwise be transferred to the walls of the gas enclosure, and ultimately lost. The foam is capable of collecting a large amount of this generated heat and returning it to the gas when the latter expands. According to Pourmovahed, "the insertion of an appropriate amount of elastomeric foam into the gas enclosure…[can] virtually eliminate thermal loss" [3] .
Incorporation of elastomeric foam has shown how accumulator efficiency can be vastly improved through slight modification, making this technology a prominent candidate for use in HRB. The purpose of this work is to propose another method of hydraulic accumulation suited for use in HRB. Unlike the use of foam, however, the proposed approach departs from existing methods as opposed to modifying conventional technology. The advocated technique involves using strain as the mechanism for energy storage, as in the case of spring piston actuators. The difference from spring piston accumulators comes from the fact that an elastomer is chosen as the working material as opposed to a metal. An elastomeric bag will be tested on its capacity to store and return energy by stretching in response to a hydraulic fluid being pumped in and out of it.
This approach presents a new and unconventional method which aims to avoid the susceptibility to heat losses inherent to gas pre-charged accumulators without foam, while attaining a higher gravimetric energy density than that of metallic springs. Additionally, the proposed design will be advantageous due to low cost, relative simplicity and good manufacturability.
PRESCRIBED TARGET METRICS
In order to ensure that the new accumulator design will be suitable for implementation in HRB, rough performance criteria were developed. The following target metrics were calculated to serve as guidelines during the design process: The 195 kJ storage capacity requirement was arrived at by using the classical mechanics equation for kinetic energy, Eq. (1), where E k is kinetic energy in J, m is mass in kg and v is velocity in m/s.
An average 4-door sedan has a mass of approximately m = 3500 lbs (1590 kg). Working under the simplifying assumption that a vehicle of this weight is a point mass experiencing translational rigid body motion of v = 35 mph without rotation (allowing the use of Eq. (1)) (56.3 km/h), E k = 194,713 J ≈ 195 kJ. This number represents the amount of energy that would be dissipated as heat in traditional braking to stop the vehicle. In HRB, this is the amount of energy that the system should capture, assuming 100% efficiency.
The peak power, P, at which the energy is to be stored was determined by assuming that in the event of emergency braking, the aforementioned vehicle had to stop within 2 seconds while decelerating uniformly. Eq. (1) was differentiated with respect to time in order to obtain the power equation, Eq. (2), where a is acceleration in m/s 2 and t is time in seconds.
Using Eq. (2), with a = -7.823 m/s 2 , v = 15.65-(15.65•t)/2 , and m = 1590 kg, the minimum value for P is -194,713 W ≈ -195 kW, with the negative sign indicating that the accumulator is storing energy. The value occurring at t = 0 s signifies that the accumulator will be supplied with energy at peak power at the start of the braking process.
The gravimetric energy density requirement was prescribed to 5 kJ/kg in order to ensure that the accumulator would not significantly augment the vehicle's weight. Under this constraint, an accumulator capable of storing 195 kJ of energy would weigh no more than 40 kg, barring the working fluid. The volumetric energy density restriction was chosen to be similar to the volumetric energy density of titanium alloys. This limit guarantees that the accumulator will not take up more than 0.04 m 3 excluding the working fluid.
JUSTIFICATION FOR USING POLYURETHANE AS ACCUMULATOR MATERIAL

Material Selection
To see which materials meet the energy density requirements, CES Material Selector ver. 4.8.0 was used. The CES Material Selector is a software package with an extensive materials and manufacturing processes database; it was employed specifically for its capability to graphically compare user defined material properties.
In the initial selection process all material groups were considered. Figure 1 (appendix) shows a graph of volumetric elastic energy storage density vs gravimetric elastic energy storage density for major material families [4] . The material volumetric energy density values in the graph were calculated under the assumption of linear elasticity using Eq. (3),
where u is volumetric energy density of the material in J/m 3 , σ y is the material's yield stress in Pa and E is the material's elastic modulus in Pa. The material's gravimetric energy densities in J/kg, represented by w, were then calculated by simply dividing a given material's volumetric energy density in J/m 3 obtained from Eq. (3), u, by its mass density in kg/m, ρ, as shown in Eq. (4).
As can be seen from Fig. 1 , several elastomeric materials boast much higher values for both volumetric and gravimetric energy densities than those exhibited by other material families. Of these elastomeric materials, polyurethane (PU) and natural rubber not only greatly exceed the specified target metrics for energy densities, but also surpass all other materials in these categories. In fact, according to Fig. 1 , PU's gravimetric energy density is about two orders of magnitude higher than that of titanium alloys. Although both rubber and PU appear to be great candidates, due to the larger possible maximum values (as seen from Fig. 1 ) and its commercial availability, PU was chosen as the material for the new hydraulic accumulator design.
It is important to note here that although Fig. 1 shows PU to have very impressive values for both energy densities, they should be viewed as rough estimates. The reason for this being that strain hardening makes the application of linear elasticity to elastomers a practice that should be used cautiously. In order to obtain a far more accurate estimate of energy storage capabilities, a stress-strain curve of the chosen PU is required.
Working Fluid Volume and Mass Projections
Results obtained from preliminary testing allowed the initial prediction of the volume and weight of the full scale accumulator. Latex tubing was capped off at one end and pressurized at the other by using a pump with a pressure gauge. As air was forced into this cylindrical elastomeric vessel, the increasing pressure caused a very slight increase in volume as shown Fig. 2 . Immediately after this bubble formed, the pressure dropped to roughly 13 psig (191.0 kPa). As more air was then forced into the latex cylinder, the pressure stayed at this new value while volume continued to increase as shown in Fig. 4 . This type of expansion behavior is shown conceptually in Fig. 5 . Here, V init is the initial volume taken up by the accumulator, V bubble is the abrupt volume increase due to bubble formation, and P hold is the gauge pressure at which the bubble grows. If the full scale PU accumulator will follow this type of expansion behavior for the accumulator's working range, i.e. pressure will stay approximately at P hold after the initial drop while volume is increased, the energy stored in the accumulator system can be roughly estimated using Eq. (5).
E est is an estimate of stored energy in J, P hold is the constant gauge pressure at which the bubble propagates in Pa, V init is the initial volume occupied by the accumulator containing the working fluid before it is loaded, and V f is the maximum volume occupied by the accumulator containing the working fluid at the end of loading in m 3 . E est is represented graphically in Fig. 5 with the hatched area. ). Although these mass and volume values do not account for the initial volume and mass of the bladder, their small magnitudes serve to indicate that an elastomeric hydraulic accumulator should theoretically be a viable option for HRB application.
PROSPECTIVE VALIDATION
In order to test the hypothesis that PU's high volumetric and gravimetric energy densities will allow the construction of a light, compact and energy efficient hydraulic accumulator, a collaborative effort between Vanderbilt University and the University of Minnesota has been initiated. Vanderbilt University's Department of Mechanical Engineering is charged with the fabrication of the accumulator, while the University of Minnesota Department of Mechanical Engineering's task is to manufacture a small urban vehicle testbed for testing the accumulator.
At Vanderbilt, prior to investing the capital and time into constructing a full-scale accumulator capable of meeting the prescribed target metrics, a scaled down α-prototype will be manufactured. The purpose of this α-prototype is to yield preliminary results, which will help assess the overall feasibly of the project and help anticipate potential problems with the full scale model.
ALPHA PROTOTYPE ACCUMULATOR DESIGN AND FABRICATION
Design
The α-prototype accumulator was designed to be a cylindrically-shaped PU bladder that will store and release energy by expanding and contracting in response to an incompressible fluid flowing into and out of it. The bladder's expansion will occur inside of a cylindrical sleeve. The sleeve is meant to serve two purposes. First, it will determine the accumulator's radial expansion limit, forcing the majority of the expansion to occur axially. This type of behavior is preferable to free expansion in a HRB application, where the accumulator expansion should subtract the least amount of volume from the vehicle's cabin. Additionally, the sleeve serves as a safety shield in the event of catastrophic failure, i.e., bladder rupture.
The physical dimensions of the PU accumulator are shown in Fig. 6 . As noted in the figure, the bladder does not have a uniform wall thickness throughout. Since the bladder is to deform inside of a cylindrical sleeve, it is highly desirable to minimize the amount of friction between this sleeve and the expanding accumulator. Doing so will allow for better axial expansion once these components come into contact.
To address this issue, the section with the smaller wall thickness was included to ensure that when the inside of the accumulator is pressurized, this section will be the first to balloon outward, due to its increased stress concentration (supported by finite element analysis performed using MD Patran/Nastan). Because the nozzle for delivering the fluid will be positioned inside the first 2 in (5.08 cm) of the bladder, this thinner wall section will be located at the base of the part of the accumulator that will undergo expansion. Therefore, this should ensure that the base of the accumulator's expanding portion will be the first to come into contact with the surrounding sleeve. Following this first contact, the bladder will be able to propagate axially by rolling on the sleeve's inside walls. This type of axial expansion produces the desired effect of minimizing sliding friction between the accumulator and the sleeve. 
Material Selection
The α-prototype accumulator will be fabricated using Andur RT 9002 AP (referred to as PUα from this point on). Manufactured by Anderson Development Company (ADC), PUα is a room temperature curable PU which allows the bladder to be cast using a disposable wax mold that will be subsequently melted away from the finished part. A few key mechanical properties of Andur RT, as specified by ADC are listed in Tbl. 2.
As can be seen in the table, PUα possesses a high maximum elongation while also maintaining a relatively high elastic modulus, making it a viable material candidate for the accumulator. For reasons mentioned in the justification section, to obtain a better estimate for the volumetric energy density of PUα a stressstrain curve of the material was obtained from ADC. This curve, shown in Fig. 7 , was fitted with a 3rd degree polynomial, yielding a correlation coefficient of 0.986 thereby indicating that the polynomial was a good fit for the data. Using the equation for energy stored per unit volume, Eq. (6), in conjunction with the polynomial estimating the stress-strain curve allows theoretical volumetric energy density values to be obtained for different extension ratios of the material.
In Eq. (6), σ is the stress (Pa), ε is the extension ratio, and ε f is the extension ratio at which the volumetric energy density is to be calculated. For extensions between 400% and 600% (ε f = 4 and ε f = 6), this equation predicts PUα to have a volumetric energy density between 25.6 MJ/m 3 and 45.0 MJ/m 3 . These values fall within the range of the volumetric energy density for PU predicted by CES Material Selector in Fig. 1 . 
EXPERIMENTAL SETUP
Once the PUα RT accumulator is manufactured, its energy storing capability will be tested using the setup shown in Fig. 8 .
reduced wall thickness
In this setup, a 125 psig (963 kPa) driving pressure acts to force water into a PU bladder. Initially, the line leading from solenoid valve (SV) 1 to the two 2 L pressure tanks will be detached and the system from the tanks to the bladder will be filled with water. To ensure accurate results, the water-filled part of the system will be bled of air by using a handheld vacuum pump attached at the Schrader valve. Additional water will be poured into the tanks to make up for the losses resulting from the bleeding process. All SV's will then be closed and the line leading from SV 1 will be reattached to the pressure tanks. All valve control and acquisition of sensor data will be done using a computer. The manually adjustable orifice valve will be set to a specific position between separate test runs. Incrementally adjusting this valve will allow the researcher to determine the effect of different rates of loading/unloading on energy storage. Each individual test run will be conducted as shown in The instantaneous readings from the flow meter (Q) and pressure sensor (P) will be integrated as shown in Eq. (7) in order to obtain energy stored in, and retrieved from, the PU bladder,
where t 0 is time at which SV 3 is opened and t f is time at which SV 3 is closed. When the water is flowing into the bladder E in Eq. (7) represents energy stored (E in ) and t f -t 0 = T 3 . When the water is flowing out of the bladder, E in Eq. (7) represents the energy retrieved (E out ) and t f -t 0 = T d .
These values will also be used to calculate the volumetric accumulator energy density (E vρ ), gravimetric accumulator energy density (E gρ ) and energy efficiency (η) of the system. It is important to draw the distinction between the energy density values of the accumulator and those of the accumulator material. The difference is in that the energy densities of the accumulator include the weight and volume of the working fluid in their calculations, whereas the accumulator material energy densities do not. E vρ will be determined by using Eq. (8),
where V 0 is the original volume of the bladder and the working fluid before the accumulator is pressurized. E gρ will be determined by Eq. where m 0 is the original mass of the accumulator including the working fluid, before it is pressurized, and ρ w is the density of water. Lastly, η will be determined using Eq. (10).
In order to determine whether a large number of loading/unloading cycles will have a significantly detrimental effect on the energy storage capacity and efficiency of the bladder, E vρ , E mρ and η will be measured several times for each position of the manually adjustable orifice valve.
SYSTEM PARAMETERS PROJECTION
Using the estimates for the volumetric energy density obtained for the previously mentioned extensions and the mass density of PUα (ρ PUα ≈ 1039 kg/m 3 ), the volume and mass of a bladder capable of storing 195 kJ was approximated. The bladder was predicted to be manufactured from 0.0043 m 3 to 0.0076 m 3 of material and to weigh somewhere between 4.50 kg and 7.90 kg, depending on the extension ratio used. Adding these values to the working fluid projections discussed earlier, rough estimates for the system energy density were made. Approximated parameters are shown in Tbl. 3 and should be viewed as estimates since their derivation did not include the initial volume of working fluid in the bladder prior to loading (expected to be small relative to the final volume of hydraulic fluid to be stored in the bladder), and other system components such as the equipment necessary for controlling the flow of working fluid. ) and gravimetric (e ≈ 11 -300 kJ/kg) energy densities. Additionally, the design of the elastomeric accumulator allows for a pressure-volume expansion behavior that economizes the amount of hydraulic fluid used to store the energy. The material properties and the shape of the accumulator result in high system volumetric and gravimetric energy densities. Furthermore, since this type of accumulator will use strain energy as the primary storage mechanism, it will not be susceptible to inefficiency due to heat losses seen in gas pre-charged accumulators (without elastomeric foam).
Currently, an α-prototype of an accumulator composed of Andur RT curable polyurethane is being manufactured for testing.
Empirical data gathered from these tests will be used to validate the initial calculations, estimate fatigue life, and aid in anticipating future complications in the design and testing of the full scale prototype. 
